Introduction
In recent years, carbon has received much attention as a material for micro and nanofabrication. Rigorous research has been performed on carbon nanotubes (CNTs), carbon microelectromechanical systems (CMEMS), carbon nanomechanical systems (CNEMS), carbon micro/nanofi bers, carbon nanospheres, carbon whiskers, and graphene for applications in biomedical engineering, sensor technology, and electronic applications. [1] [2] [3] [4] [5] Initially, silicon was employed as the platform of choice for most MEMS fabrication because fabrication methodologies and equipment from the integrated circuit industry, which operates almost exclusively on silicon, could be adapted. 6 In those early days, the mid-80s, MEMS applications were limited to pressure sensors, accelerometers, and gyros, for which Si is an excellent material's choice. With MEMS being applied more and more to biomedical applications, 'bioMEMS' evolved, representing a new class of MEMS that commands its own fabrication tools and involves a much wider range of materials. BioMEMS devices include biosensors such as glucose sensors blood gas blood electrolyte sensors, lab-on-chip systems and diagnostic medical tools such as protein and DNA arrays. 6 Because of the irreversible chemical reactions involved in many medical tests (e.g. nucleic acid and immuno assays) and because of contamination considerations, bioMEMS devices tend to be disposable, and therefore call for an inexpensive material and fabrication technique. Today, biocompatible metals (e.g. silver, gold), 7, 8 various biodegradable polymers (e.g. polycaprolactone), 9 soft-biocompatible polymers such as silicone (polydimethylsiloxane (PDMS)) 10 and advanced carbon materials (CMEMS, CNEMS, carbon fi bers (CFs) and capsules, CNTs, etc.) [1] [2] [3] [4] [5] 11 often replace silicon for disposable bioMEMS applications. Carbon, in particular, is a low-cost material that can be derived by the carbonization of certain precursor polymers. Also, CMEMS/ CNEMS fabrication processes are suitable for mass manufacturing and that makes them attractive for a wide-variety of future bioMEMS applications. CMEMS and CNEMS applications employ micro and nanodevices of a wide-variety of shapes, dimensions, and chemical and mechanical properties that are otherwise diffi cult or very expensive to implement. 12 With advanced photolithographic techniques and the use of appropriate precursor polymer materials such as SU8, fabrication of miniaturized carbon devices has rapidly evolved from the micrometer-sized CMEMS devices to nanometer-sized CNEMS devices. 12 Today, the most common fabrication methodology for CMEMS and CNEMS fabrication is photolithography of a photoresist (mainly SU8), and carbonization of the thus patterned polymer by pyrolysis. 2, 11, 12 Some of the early attempts of CMEMS fabrication also employed patterning by soft lithography, 13 molding, 14, 15 and chemical vapor deposition. 16 Here, the fabrication
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The most desirable feature of carbon-based bioMEMS devices is the amenability to surface modifi cation of carbon. Carbon is easier to derivatize with organic molecules compared to most other traditional MEMS materials such as silicon. Carbon surface modifi cation can entail chemical and electrochemical modifi cation [17] [18] [19] as well as topographical changes. 20 In this context, it is important to understand the underlying microstructure of the various allotropes of carbon, since the carbon surface refl ects its internal molecular arrangements. 21 Carbon microstructures are usually determined by the fabrication process details and by the choice of polymer precursor. In this study, glassy carbon (GC) designs are mostly dealt since GC is the most commonly used material for bioMEMS applications. However, in order to better understand the surface modifi cation techniques and the thus resulting biocompatibility, examples of carbon micro and nanofi bers that often feature a more graphitic microstructure are also reviewed. CFs, so far, have not been implemented for bioMEMS purposes; nevertheless, they have been successfully employed as implant materials.
Carbon microstructure
The properties of carbon vary widely as it comes in many different allotropes based on the fabrication method involved. CNTs, graphene, carbon whiskers, and carbon nanofi bers (CNFs) are non-glassy materials, whereas carbon obtained from pyrolysis of a precursor polymer is usually glassy (GC). The microstructure of GC is surprisingly dissimilar from the other carbon allotropes of carbon and its exact nature has been a matter of dispute for many years. [22] [23] [24] GC exhibits excellent electrochemical properties and may substitute more expensive noble metals such as Pt and Au commonly employed for the fabrication of miniaturized sensing electrodes. [25] [26] [27] For electrochemists, GC electrodes are often used as the gold standard to compare the electrochemical behavior of other electrodes. Using CMEMS and CNEMS technology, very small GC electrode designs are possible by lithographic patterning a photoresist and carbonizing the design, resulting in sensing devices with novel geometries and unprecedented sensitivities. 28 The fabrication cost of sophisticated carbon electrode designs is small compared with that of the more involved patterning of noble metal electrodes because of the simplicity and the wide range of polymer precursors that are available in CMEMS and CNEMS processing 11 (see Section 3).
In most cases, upon pyrolysis of polymer precursors, a GC results that possesses glass-like properties and shatters upon breaking. Carbon is one of the few materials that tends to polymerize with itself, and therefore, when a precursor polymer is heated to temperatures high enough to remove more volatile elements, new C-C bonds are formed. This self-polymerization leads to a network of carbon, the molecular structure of which depends upon several factors including the nature and chemical structure of the polymer precursor, fabrication methodology, pyrolysis temperature, mechanical and electrical forces acting on the precursor polymer chains, etc. 12 These tunable factors may enhance graphitization especially in the case of polymer derived CNFs as discussed in detail in Sharma et al. 12 More typically, though bulk polymers with high carbon content such as SU8, polyacrylonitrile (PAN), polyimides, and polyimides yield GC upon pyrolysis between 800 and 1200°C. CMEMS fabricated using photolithography of SU8 have attracted much attention in the recent past because of their compatibility with deep UV photolithography, high carbon yield of SU8, and a wide variety of high-aspect-ratio micro/nano designs (see Section 5).
The exact microstructure of GC was a controversial topic among researchers for a long time because of the uncertainty of the nature of the prevailing intermolecular cross-links. As far back as 1951, Rosalind Franklin 23 carried out a comparative study employing X-ray crystallography to investigate the amount of crystallinity in graphitizing and non-graphitizing carbons. According to Franklin, a graphitizing carbon is one that gets converted completely to graphite upon heat treatment whereas a non-graphitizing carbon is amorphous or glassy in nature and cannot be converted completely to graphite even at very high pyrolysis temperatures. Jenkins and Kawamura 22 proposed a model for the structure of GC that consists of a ribbon-like geometry of entangled carbon sheets ( Figure  1(a) ). Franklin's and Jenkins et al's initial observations were made analyzing X-ray diffraction patterns, using more advanced structural analysis techniques, such as high-resolution transmission electron microscopy (HRTEM). It became evident that even non-graphitizing polymer derived carbons do contain small isolated crystals of graphite. These graphitic regions, however, may not fully develop into full graphite sheets because of chain morphology restrictions in the parent polymer structure and space constrains. Harris 24 proposed a structural model for non-graphitizing carbons based on HRTEM imaging, and ventured that GC only contains sp 2 -hybridized carbons such as those found in fullerenes. These sp 2 -bonded carbons contain six-membered rings as well as fi ve and seven membered rings, and are highly stable. This model is supported by HRTEM images of commercially available GC (Figure 1(b) ). Harris suggested that GC prepared at different temperatures results in different packing of the dispersed carbon sheets (Figures 1(c) and 1(d) ).
To better understand the microstructure carbon may adopt while it evolves from its polymer precursor, it is of paramount interest to discuss the chemical changes that take place during the pyrolysis process. When a polymer pattern is pyrolyzed, a multi-step carbonization process takes place. 29 Initially, in the 300-500°C temperature range, called the carbonization regime, there is a rapid polymer weight loss because of the removal of elements such as oxygen, nitrogen, chlorine, etc. Above 500°C, hydrogen attached to carbon atoms is cleaved off and removed. A high purity GC, that is, one with almost all H atoms removed, is usually obtained between 800-1200°C. If the temperature is further increased, graphitic zones start to form. Between 2500 and 3300°C, known as the graphitization regime of the pyrolysis process, it is assumed that the defects (or non-graphitic regions) of the carbon can be completely annealed out as they become mobile. 29 Smaller patterns or objects, such as CNFs with all surfaces exposed 12 tend to become more graphitic at lower temperatures because defects can reach the edge of the wire much faster and be annealed out. Other factors including catalysts, templates, mechanical, and electrical forces acting on the precursor polymer chains, the polymer precursor fabrication process itself (e.g. electrospinning, where the polymer is forced through a small nozzle), etc. may infl uence the degree of graphitization upon pyrolysis as discussed by Sharma et al. 
CMEMS, CNEMS fabrication process
In CMEMS and CNEMS, depending on the desired carbon design, an organic precursor is patterned by techniques such as photolithography, electrospinning, electrospinning combined with lithography, CNC machining, by molding with stamps (soft-lithography or nanoimprint lithography), or other material patterning means. After patterning, the polymer is pyrolyzed (also carbonized) and when pyrolysis is carried out correctly, a shrunk but isometric carbon design results. In early examples of CMEMS diazo type (e.g. AZ 4330, AZ 1518), phenol-formaldehyde, and furfuryl alcohol-based resins (poly-furfulyl alcohol or PFA) were employed as polymer precursor materials. 13, 30, 31 Furfuryl alcohol resin is a furan derivative that is a thermally crosslinked polymer. As an example of molding a polymer precursor with a stamp made with soft-lithography, we describe the fabrication of free-standing carbon microstructures by Schueller et al. 13 Using furfuryl alcohol resins as the polymer precursor, this research team used a PDMS mold to pattern suspended two-dimensional (2D) GC patterns that have potential application for actuators as shown in Figure 2 . 13 Curing of the furfuryl alcohol resin requires the addition of a latent (delayed), heat-activated catalyst (such as a 50% aqueous solution of ZnCl 2 ). The PDMS mold and polymer patterns are pyrolyzed at 900°C in an argon environment. Upon pyrolysis, the PDMS mold disintegrates and suspended GC actuators result ( Figure 2 ).
In the CMEMS example in Figure 2 , a mold is used to pattern the precursor polymer. Using photolithography, a photosensitive resist may also be patterned directly. 2, 12 Most pyrolysed GC features derived from traditional positive photoresists are low aspect ratio (1:1) because most positive photoresists are not very transparent to the UV exposure light. To meet the challenging demands of higheraspect ratio CMEMS and CNEMS applications, a photoresist with excellent transparency, high contrast and having a range of viscosities (to enable different resist fi lm thicknesses) is needed. An epoxy novolac-based negative photoresist, SU8, developed by IBM and marketed by MicroChem Inc., Newton, MA, USA and Gersteltec SARL, Pully, Switzerland, 32,33 meets these requirements as it has a very high deep UV transparency, good contrast in the near UV range (350-400 nm) and is available in a wide range of viscosities. 11, 33 Unlike some other negative tone photoresists,
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SU8 does not exhibit any oxygen sensitivity, which may lower the fabrication speed and/or lead to pattern distortions.
The standard procedure for fabrication of high-aspect-ratio CMEMS (carbon posts in this case) or CNEMS employing SU8 is illustrated in Figure 3 .
SU8 formulation with the optimal viscosity for the intended application is fi rst spin coated on the desired substrate ( Figure  3 (a)). Before spin coating, the substrate must be cleaned thoroughly and depending on the requirement of the process, an adhesive (e.g. OmniCoat, MicroChem Inc.) may be used before spinning or casting SU8 on it. In the case of spin coating, the rotation speed of the spin coater, the resist viscosity, and resist concentration control the resulting resist thicknesses. The prebake (also soft bake or preexposure bake) step of the SU8 fi lm thus coated on a substrate consists of fi rst heating the sample to 65°C and then to 95°C in order to evaporate the solvent slowly. If the fi lm is exposed to a very high temperature too abruptly (for example, because of a false reading of the hot plate temperature), the evaporation of solvent will not be uniform and some solvent may remain trapped, especially in the case of thicker fi lms. The UV exposure (Figure 3(b) ) is the crucial step in any photoresist patterning process. During exposure, prebaked SU8 is exposed to UV light through a mask that is aligned with the substrate in a mask aligner. The energy supplied by the UV light initiates cross-linking by activating the photo-initiators present in the SU8 photoresist. The required exposure dose can be calculated from the commercially available SU8 data sheets. 33 Establishing the correct UV dose for a given SU8 fi lm is of the utmost importance since both under-and Micro and nano patterning of carbon electrodes for bioMEMS Sharma and Madou over-exposed fi lms lead to fabrication failure. An under-exposed design results in incomplete cross-linking at the base of the fi lm and hence weak adhesion to the substrate. Such patterns are usually washed away during development. However, an over-exposed design leads to T-topping, yielding T-shaped features 35 having a hardened top layer that blocks adequate exposure for the bottom of the SU8 layer. After exposure, the patterns are again baked at 65°C and 95°C; this step is known as post exposure bake (also PEB or post bake) to improve fi lm stability and promote adhesion. Next in the CMEMS/CNEMS fabrication process is the development step in which a commercially available SU8 developer is employed for dissolving the uncross-linked SU8 (Figure 3(c) ). For very thick SU8 layers, spray or jet development can be employed. 36 Spray development uses a nozzle that sprays SU8 developer onto the resist dissolving, thereby, the uncross-linked sections in the design. The resulting patterns are then washed with isopropyl alcohol and dried by gently blowing N 2 on them. The thus fabricated SU8 patterns are pyrolyzed (Figure 3(d) ) in an inert atmosphere between 800 and 1200°C that yields CMEMS or CNEMS designs.
Depending on the temperature ramp rate during pyrolysis, the resulting GC may be more or less porous. 6 At a typical ramp rate of 2-5°C/min, the resulting GC is dense and appears to have no pores even under scanning electron microscope (SEM) inspection (Figure 4(a) ). Figure 4 (a) illustrates an intentionally broken carbon post pyrolyzed under standard pyrolysis conditions (ramp rate 2°C/ min). If the temperature ramp rate of the pyrolysis is increased to above 15°C/min, the gases being released from the carbonizing polymer leave micropores behind (Figure 4(b) ) as the carbonization is so fast that micropores cannot be annealed out before solidifi cation occurs. This microporosity can be further enhanced by using even faster ramp rates (90°C/min) resulting in pores with a diameter of 10-15 microns (Figure 4(c) ). 6 Next, some representative work in which the thus fabricated CMEMS/CNEMS designs are functionalized to modify their biocompatibility or to make them into biosensors is discussed.
Biocompatibility of carbon

Carbon surface modifi cation for cytocompatibility: chemical and topographical cues
Carbon surfaces resulting from pyrolysis are notoriously unreactive because of the reducing environment in which carbonization is 29 Therefore, surface modifi cation of this type of carbon is particularly important to modify its interaction with biological cells and tissue for implants or for rendering it into a selective biosensor surface. Conventional functionalization methodologies such as microwave and reactive plasma treatment may not yield an optimal degree of functionalization of the carbon in CMEMS/CNEMS. [37] [38] [39] Therefore, techniques that may be more gainfully employed to turn CMEMS and CNEMS devices into implants or biosensors are briefl y discussed. The objective of carbon surface modifi cation, chemically or topographically, for implants is quite different than that for in-vitro carbon-based sensors. In a carbon sensor, we want to facilitate the reaction rate, sensitivity and selectivity of the device whereas, for an implant, biocompatibility, durability, absence of cytotoxicty, and re-absorption upon erosion of the implant material is required. Despite these different objectives, the surface modifi cation strategies are often the same for carbon implants and carbon sensors.
Surface modifi cation of carbon can be carried out chemically or electrochemically. 18, 19, [40] [41] [42] Electrochemically-assisted carbon surface modifi cation methodologies have been extensively studied since they were fi rst used for the modifi cation of GC electrodes in 1990. 41 The two most commonly used electrochemical modifi cation methodologies for GC are (i) oxidation of aryl acetates or amines that grafts respective aryl or amine groups covalently bonded onto carbon surface and (ii) reduction of aryl diazonium salts leading to aryl terminated carbon.
Allongue et al
18 employed the reduction of a variety of diazonium salts to derivitize GC and highly oriented pyrolytic graphite and concluded that the attachment of these fi lms is very strong and persistent. For example, these fi lms require mechanical abrasion for their removal indicative of the covalent nature of their attachment. Oxidation of amines however, is preferred over reduction of diazonium salts for functionalization of GC because the reduction pathways are limited to aryl compounds because of the unstable nature of most aliphatic diazonium salts. 43 In our group, a functionalization strategy based on the oxidation of ethylene diamine and amino benzoic acid have been developed. An accepted mechanism for the electro-oxidation of amines is illustrated in Figure 5 . In this reaction, an amine radical is formed by fi rst loosing an electron and subsequently a proton. After a proton rearrangement, this radical can either proceed to attach to the electrode surface, or convert back to the amine compound.
Some chemical surface modifi cation techniques for CMEMS and CNEMS include oxygen plasma treatment, 40 nitric acid treatment, 44, 45 and attachment of biologically important molecules such as ribofl avin. 46 In the latter case, 46 the authors carried out the surface modifi cation of GC by oxidizing the electrode anodically in 10% nitric acid and 2.5% potassium dichromate to yield -COOH functionalities. The electrode was then activated in a solution of ribofl avin. The authors tested the thus modifi ed GC electrodes for catalytic properties. Some of the more harsh chemical treatments such as nitric acid treatment 44, 45 may cause damage to carbon because of the harshness of the chemical reactions and physisorption approaches for most application do not lead to a suffi ciently strong bond.
Cells take both chemical and topographical cues from the surfaces they are deposited on. To de-convolute, for a given surface, the relative contribution of chemical and topographical cues that a type of cell responds to remains a daunting task as chemistry and topography is often intertwined. 17 Two examples, where cytocompatibility of carbon on topographically modifi ed surfaces was investigated, are now reviewed. In both studies, 17, 20 the authors concluded that cells display better adhesion and faster growth on deliberately textured carbon surfaces.
Kulkarni et al
20 studied the cytocompatibility of photoresistderived patterned carbon fi lm employing intensive SEM studies of cellular cytoplasmic extension using L929 mouse fi broblast cells. The authors employed a photoresist (SC-100, a cyclic polyisoprene photoresist) that was exposed to UV light selectively so as to obtain a harder (more cross-linked) top layer and a softer bottom layer. During development, the two layers swell anisotropically. When drying this composite resist structure, the unequal shrinkage of the constituent layers results in a buckled polymer fi lm that is subsequently pyrolyzed to yield a micro-patterned GC fi lm constituting a platform for faster growth of cells compared to a smooth carbon surface.
In a similar study on the cytocompatibility of photoresist-derived carbons, Teixidor et al 17 employed various carbon and Si micropatterns as substratum for cell growth using two cell lines: murine dermal fi broblasts and neuroblastoma spinal cord hybrid cells (NSC-34). The authors treated GC surfaces with oxygen plasma, and concluded that the thus modifi ed carbon surface promotes cell adhesion better than non-plasma treated carbon surfaces or siliconbased substrates. These authors suggest that oxygen-plasmatreated GC has a higher surface energy and lower hydrophobicity than untreated GC fi lms because of the introduction of oxygencontaining surface groups and an increase in surface roughness. This enhancement in surface roughness again provides a more favorable platform for cell growth. It is postulated that nano or micro topographic patterns on GC surfaces promote better adhesion for 
Erosion behavior of carbon implants
An implant material must not only be biocompatible, it should also be free of any toxic effects and be safe for human use. In some materials, biocompatibility is purely a matter of the wrong surface chemistry: copper, for example, may cause signifi cant cytotoxicity by releasing copper ions in the body. 47 Carbon on the other hand does not display any intrinsic toxicity by releasing toxic ions; the surface of carbon, however, often needs to be modifi ed (topographically and/or chemically) for its application as a biocompatible material.
The inertness or passive nature of implant material improves its chances of being utilized as prostheses. In the case of scaffolds, the erosion (degradation) behavior of the implant is a key factor in deciding its feasibility for in vivo implementation. More et al, 48 for example, explored the erosion behavior of carbon implants in rats employing radiotracers. The study describes how carbon implants dissociate in small pieces, and can be found as eroded carbon particles or carbon capsules near the implant. Some particles were also located at a distance from the implant site. 48 Interestingly, carbon obtained from pyrolysis of PAN at 1200°C displays different erosion behaviors than those obtained at 2700°C, which are more graphitic (see section 2). [49] [50] [51] [52] [53] It appears that crystalline graphitic carbons are more diffi cult to assimilate by the body while amorphous (or glassy) carbons readily undergo partial fragmentation and get gradually resorbed at the implantation site. 50 CFs with modifi ed surfaces offer a great deal of biocompatibility with osseous tissue, blood and soft tissue, and have a stimulating infl uence on the growth of connective tissue that is morphologically identical to the mother tissue. 48 Some successful carbon implants include CF braids for their use in tendons and ligaments prostheses, carbon plates and screws for osteosynthesis, needled carbon cloth for fi lling cartilaginous tissue defects, CF support for drug delivery, etc. [50] [51] [52] [53] Among these, polymer derived CF braids and scaffolds are most popular as carbon implants. CF braids have been evaluated for both in vitro and in vivo response to cells, and for their erosion behavior as implants over the past two decades. [48] [49] [50] [51] [52] [53] In a recent study, Blazewicz group 53 compared the biological properties and bioactivity of hydroxyapatite modifi ed porous CFs with pure CFs. In this study, in vivo tests were carried out on porous hydroxyapatite modifi ed CFs which were used as scaffolds for tissue regeneration. It was shown that the thus modifi ed CFs served as an effective biologically active agent to stimulate tissue re-growth. The authors suggest that addition of nanohydroxyapatite to the CFs precursor can modify the CFs biological properties signifi cantly without the need for any other surface modifi cations. Figure 6 represents an optical image of MG-63 cells seeded on porous CFs compared to those on a control polystyrene plate (Figure 6(a) ). As can be observed in Figures 6(b)-6(d) , cells display good adhesion on carbon surface and can be cultured on them.
Use of CFs as a dental material is yet another fascinating area of application for carbon micro and nanofi bers. 51 Because of their integration with the surrounding tissues, CFs can be used as implants for the maintenance of bone volume after tooth avulsion (complete displacement of a tooth from its socket).
CMEMS/CNEMS devices
In the preceding sections, an attempt have been made to show that, GC-based MEMS and NEMS devices can be manufactured from a wide range of precursor materials, they can be patterned with a wide variety of tools to yield lengths from a few nanometers to a few hundred microns, CMEMS and CNEMS are often simpler to make than competing devices and the CMEMS/CNEMS surface properties can be enhanced to serve as either implants or sensors. Micro and nano patterning of carbon electrodes for bioMEMS Sharma and Madou To further make this case, CMEMS and CNEMS devices of a widerange of sizes made with a variety of manufacturing tools are listed in Tables 1 and 2 . In Table 1 , non-SU8 (azide, diazo or furfuryl alcohol-based polymers) derived devices and SU8 derived designs compiled in Table 2 are summarized. At the end of the two tables, two recently developed CMEMS/CNEMS devices are detailed that is, three-dimensional (3D) CMEMS patterns used in diectrophoresis (DEP), 54, 55 and miniaturized carbon nanoelectrode arrays for redox amplifi cation.
In Tables 1 and 2 CMEMS/CNEMS fabrication techniques that include photolithography, 14, 30, 31, 56, 57 laser patterning, 58, 59 soft-lithography, 13, 60 electrospinning, electrospinning combined with lithography, 12 chemical methods, 16, 61 anodic alumina mold fi lling, 15 etc. are listed. Today the use of carbon micro and nano pattern using SU8 as polymer precursor in photolithography 28, 55, [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] has become the dominant approach ( Table  2) . In some cases, a combination of photolithography with other microfabrication techniques is used as well (see e.g. electrospinning combined with lithography. Given the cost of manufacturing, the authors believe that nano imprint lithography and electrospinning offer the greatest potential for the ever-expanding CMEMS/CNEMS fi eld.
One of the more recent examples of a successful implementation of 3D CMEMS electrodes for biological applications is their use in DEP. 54, 55 DEP is a non-destructive method for separation, transportation, trapping, and sorting of small particles such as biological cells. In positive DEP, the force is towards increasing fi eld strength and particles collect at the electrode edges where the highest fi eld strengths are found. In negative DEP, the force is in the direction of decreasing fi eld strength with particles being repelled from the electrode edges. The frequency dependence of the DEP force makes for a powerful method of manipulating particles in solution. Ma et al 54 fabricated CMEMS high-aspect-ratio pillars of various shapes and implemented these patterns as electrodes for DEP separation of bioparticles in fl uids. 3D carbon microelectrode confi gurations offer a much improved particle separation effi ciency as compared to 2D electrodes as the fi eld in the 3D implementation penetrates a higher percentage of the liquid volume in which the electrodes are submerged. In another recent DEP study, MartinezDuarte et al 55 fabricated 3D carbon microelectrodes and performed high-throughput fi ltering, particle positioning and cell focusing. The same group also integrated CMEMS DEP on a centrifugal platform, simplifying the need for tubing and obviating the need for a pump. 73 Figure 7 is a schematic diagram that illustrates how 3D electrodes are more effective than 2D electrodes in DEP particle manipulation. In DEP, the electric fi eld gradient that drives the particles is confi ned to an area very close to the electrode surface. With CMEMS technology, electrodes of variable height, diameter, and spacing contribute to improvement in the fi eld gradient distribution throughout a larger volume of the solution thus impacting more particles to be separated. 54 In an alternative approach, 3D DEP was carried out on Au posts, 74 a method more expensive and more laborious than using CMEMS.
A recent CNEMS application is the use of carbon nanoelectrodes for redox amplifi cation. Redox amplifi cation can be achieved if two electrodes are placed in close proximity of each other such that their depletion regions overlap. One of the electrodes, the generator, is placed at a more positive potential, oxidizing the reductant of a redox couple. The second electrode, the collector electrode, is biased at a more negative potential such that the oxidized ions are now reduced back. The reduced ions can now fl ow back to the generator electrode to be oxidized again. As a result, the two electrodes work together creating a feedback loop used to amplify the measured current with an improved detection limit.
Heo et al
28 fabricated an array of interdigitated carbon electrodes using SU8 photolithography: the electrode fi ngers in their interdigitated array were 80 nm in width (height and width, aspect ratio 1:1) and the electrode separation was 300 nm Figure 8 . The authors achieved a redox amplifi cation factor of 25. The CNEMS process is a one step-process and does not need the laborious and expensive lift-off techniques that are required when patterning alternative metals such as Pt and Au for interdigitated arrays. Moreover, the height of the interdigitated electrodes also can enhance the redox amplifi cation and, with CMEMS, a thicker/higher electrode is easy to achieve without having to resort to electroplating.
Conclusions
CMEMS and CNEMS devices are fabricated by the pyrolysis of designs that are created using a variety of patterning techniques in a wide choice of precursor polymer materials. The resulting CMEMS and CNEMS devices typically have a GC microstructure that features several characteristics that make them an attractive, inexpensive approach for many bioMEMS applications. Most importantly, the GC surface thus obtained can be modifi ed by introducing chemical and topographical changes enabling the construction of biocompatible implants and sensors. GC electrodes also feature a wide electrochemical stability window that enables a variety of electroanalysis experiments that are diffi cult to carry out on more expensive noble metal electrodes.
Besides innovative CMEMS/CNEMS fabrication methods, carbonbased implants, biocompatibility studies, and innovative CMEMS and CNEMS devices are reviewed in this paper. The authors believe that, from the novel fabrication techniques, the ones based on nanoimprinting and electrospinning are most promising to further expand the CMEMS/CNEMS fi eld. It is expected that the technologies and expertise developed in the fi eld of CMEMS and CNEMS will play a decisive role in making disposable bioMEMS technology possible and also impact several emerging electronic and implant applications. [28] Patterns used for electrochemical applications CNWs, carbon nanowires; DEP, diectrophoresis; MEMS, microelectromechanical systems. 
